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Cold temperatures robustly activate a small cohort of somato-
sensory nerves, yet during a prolonged cold stimulus their activ-
ity will decrease, or adapt, over time. This process allows for the
discrimination of subtle changes in temperature. At the molec-
ular level, cold is detected by transient receptor potential
melastatin 8 (TRPMS8), a nonselective cation channel expressed
on a subset of peripheral afferent fibers. We and others have
reported that TRPMS8 channels also adapt in a calcium-depend-
ent manner when activated by the cooling compound menthol.
Additionally, TRPMS activity is sensitive to the phospholipid
phosphoinositol 4,5-bisphosphate (PIP,), a substrate for the
enzyme phospholipase C (PLC). These results suggest an adap-
tation model whereby TRPMS8-mediated Ca* influx activates
PLC, thereby decreasing PIP, levels and resulting in reduced
TRPMS activity. Here we tested this model using pharmacolog-
ical activation of PLC and by manipulating PIP, levels inde-
pendent of both PLC and Ca**. PLC activation leads to adapta-
tion-like reductions in cold- or menthol-evoked TRPMS8
currents in both heterologous and native cells. Moreover, PLC-
independent reductions in PIP, had a similar effect on cold- and
menthol-evoked currents. Mechanistically, either form of adap-
tation does not alter temperature sensitivity of TRPMS8 but does
lead to a change in channel gating. Our results show that adap-
tation is a shift in voltage dependence toward more positive
potentials, reversing the trend toward negative potentials
caused by agonist. These data suggest that PLC activity not only
mediates adaptation to thermal stimuli, but likely underlies a
more general mechanism that establishes the temperature sen-
sitivity of somatosensory neurons.

The detection of temperature is a fundamental task of the
nervous system. Temperature-sensing sensory afferent neu-
rons reside in either the trigeminal (TG)? or dorsal root (DRG)
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sensory ganglia and project peripherally, terminating as free
nerve endings that innervate areas of the head or trunk, respec-
tively (1, 2). Subpopulations of these afferents respond to dis-
tinct sub-modalities of thermal stimuli, including noxious heat,
innocuous cooling and warmth, and painfully cold tempera-
tures. Each carries thermal information to the dorsal horn of
the spinal cord, synapsing with neurons that project centrally
(1, 3).

The discovery of thermosensitive ion channels of the tran-
sient receptor potential (TRP) family demonstrated an under-
lying molecular mechanism for temperature detection (4). Cold
temperature sensation is largely mediated by TRPMS, a nonse-
lective cation channel expressed on a small subset of neurons
(5, 6). TRPMS is activated by cooling compounds, such as men-
thol, as well as cold temperatures below ~28 °C, in vitro (7, 8).
Recent reports on the behavioral phenotype of TRPMS8-null
mice suggest that this lone channel is required for the majority
of cold sensing in vivo (5, 9—11). These and other data strongly
implicate TRPMS in not only the detection of both innocuous
cool and some aspects of noxious cold but also injury-induced
hypersensitivity to cold and, paradoxically, cooling-mediated
analgesia (11, 12). Thus, understanding regulatory mechanisms
that alter TRPMS activity will provide keen insights into tem-
perature sensation, nociception, and analgesia.

One fundamental property of cold-sensitive neurons is an
intrinsic ability to adapt to prolonged cold stimuli, a mecha-
nism that is likely critical for discrimination of changing envi-
ronmental conditions (13, 14). We and others have shown that
cold-sensitive neurons adapt to cold and menthol over time in
vitro (6, 15), a phenomenon also observed with recombinant
TRPMS channels activated by menthol (7). During sustained
exposure to menthol, TRPMS currents adapt in a manner that
is dependent upon the presence of external calcium (7). Inter-
estingly, cold- and menthol-evoked currents are highly sensi-
tive to cellular manipulation. In heterologous cells, TRPM8
currents quickly decrease or run down upon membrane patch
excision (16, 17). Moreover, in membrane patches excised from
cold- and menthol-sensitive DRG neurons, cold thresholds for
current activation exhibit a shift of ~10 °C to colder tempera-
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tures in comparison with thresholds recorded in intact cells
(18).

Phosphatidylinositol 4,5-bisphosphate (PIP,) is a membrane
phospholipid that accounts for ~1% of all lipids in the inner
leaflet of the plasma membrane and is known to regulate a vari-
ety of ion channels, including TRPM8 (16, 17). When applied to
the cytoplasmic face of excised membrane patches containing
TRPMS channels, PIP, can recover menthol-evoked currents
to near pre-rundown levels (16, 17). PIP, is proposed to interact
with channels either through electrostatic interactions or by
binding to target proteins at specific phosphoinositide-binding
sites (19, 20). Membrane PIP, levels are a product of enzymatic
activity, such as phosphoinositide kinases that synthesize PIP,
from membrane precursors and phospholipase C (PLC) that
hydrolyzes it, creating membrane-bound diacylglycerol (DAG)
and cytosolic inositol trisphosphate (IP;), both of which func-
tion as second messengers. Of the three different PLC isotypes,
PLC? isoforms are modulated by increases in intracellular cal-
cium (21).

When taken in context with the sensitivity of TRPMS8 cur-
rents to PIP, levels, a model has been proposed whereby adap-
tion is a result of channel-mediated Ca®* influx activating one
or more PLC8 isoforms (16, 17). The subsequent reductions in
PIP, levels then promote reduced or adapted TRPMS currents.
However, this hypothesis has not been conclusively shown in
intact heterologous cells or in somatosensory neurons express-
ing TRPMS8. Moreover, other alternative hypotheses for
TRPMS adaptation have been proposed, including Ca**-de-
pendent kinase activity mediated by protein kinase C (22, 23).
Thus, the cellular and molecular mechanisms for Ca>" -medi-
ated TRPMS8 adaptation are unclear.

Here we show, in both heterologous cells and native TRPM8-
expressing neurons, that Ca®" -independent activation of PLC
results in adapted TRPMS currents. Moreover, PLC- and Ca** -
independent PIP, depletion in heterologous cells produces
similar effects on TRPMS8 activity, again reducing both cold-
and menthol-evoked currents. Mechanistically, we find that all
such manipulations do not alter the temperature sensitivity of
the channel but do lead to a shift in the voltage dependence of
TRPMS channel gating.

EXPERIMENTAL PROCEDURES

Oocyte Electrophysiology—Complementary RNA transcripts
were injected into Xenopus laevis oocytes as described (7).
Two-electrode voltage clamp recordings were performed 2—7
days after injection. Temperature ramps were generated by
heating (35 °C) or cooling (4 °C) the perfusate in a Harvard coil
and monitoring temperature changes with a thermistor placed
near the oocyte.

Heterologous Expression—EGFP-Lyn-PH-PP was a kind gift
from Tobias Meyer (Stanford University, Palo Alto, CA) and
Mark S. Shapiro (University of Texas Health Science Center,
San Antonio). PLC81-PH-RFP, PLC81-PH-YFP, and the com-
ponents for inducible phosphatase translocation (FKBP-
Inp54p and Lyn11-FRB) were kind gifts from Bertil Hille and
Ken Mackie (University of Washington, Seattle) and Emily
Liman (University of Southern California, Los Angeles). cDNA
of TRPMS clones and other molecules was transfected into the
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human embryonic kidney cell line 293 (HEK293T) using Lipo-
fectamine 2000 (Invitrogen), as described (7) and following the
manufacturer’s instructions.

Mammalian Cell Electrophysiology—Voltage clamp record-
ings in neuronal and non-neuronal cells were performed as
described (6, 7, 24). Standard bath solution for whole-cell
recordings contained (in mm) 140 NaCl, 5 KCI, 1 MgCl,, 2
CaCl,, 10 HEPES, 10 glucose, and pH 7.4 (adjusted with
NaOH). Pipette solution for whole-cell recordings contained
(in mm) 140 CsCl, 0.5-5 EGTA, 2 MgATP, 10 HEPES, pH 7.4
(adjusted with CsOH). Nominally Ca®>"-free bath solutions
contained (in mm) 140 NaCl, 5 KCl, 1 MgCl,, 10 HEPES, 10
glucose, adjusted to pH 7.4 with NaOH. In some experiments
0.5 mMm EGTA was added to this buffer. Recordings were per-
formed using an Axopatch 200B amplifier (Molecular Devices,
Inc., Sunnyvale, CA) and Digidata 1320 data acquisition board
(Molecular Devices, Inc., Sunnydale, CA) with pCLAMP 9.2
software (Molecular Devices, Inc., Sunnyvale, CA). Solutions
were exchanged by gravity fed tubes connected to an 8-channel
perfusion valve solution controller (Warner Instruments,
Hamden, CT) and fed into a recording chamber (Warner
Instruments, Hamden, CT). The temperature of the perfusate
was controlled by a Perfusion Temperature Controller RDTC-1
(Bioscience Tools, San Diego, CA). Bath temperature was
recorded by a small thermocouple located in the recording
chamber. Rapid solution exchange was performed as described
(24). Briefly, in magnesium and calcium block experiments,
rapid bath solution exchange was achieved by placing the cell in
front of a linear array of microperfusion pipes under computer
control (Warner Instruments, Hamden, CT). All drugs used in
our experiments were stored and handled following the manu-
facturer’s instructions.

Transgenic Mice—Transgenic mice expressing EGFP under
control of the TRPMS8 promoter were described previously (6).
All animals were handled and cared for in accordance with
guidelines established by the University of Southern California
Animal Care and Use Committee.

Neuronal Cell Culture and Ca®* Microfluorimetry—Tri-
geminal ganglia were dissected from newborn transgenic mice
and dissociated with 0.25% collagenase P (Roche Applied Sci-
ence) in a solution of 50% Dulbecco’s modified Eagle’s medium
with 4.5 g/liter glucose, L-glutamine, and sodium pyruvate,
Mediatech, Inc., Manassas, VA), and 50% F-12 (Ham’s F-12
Nutrient Mixture with L-glutamine, Invitrogen) for 30 min. The
ganglia were then pelleted and resuspended in 0.05% trypsin at
37 °C for 2 min, and triturated gently with a fire-polished Pas-
teur pipette in culture medium (Dulbecco’s modified Eagle’s
medium/F-12 with 10% FBS and penicillin/streptomycin). Cells
were then resuspended in culture medium with nerve growth
factor 7S (Invitrogen) (100 ng/ml) and plated onto coverslips
coated with Matrigel (BD Biosciences) (20 wl/ml). Cultures
were examined 1620 h after plating. Intracellular Ca®" was
determined with the cell-permeable form of Fura-2 (Invitro-
gen) as described (7), and pseudo-colored ratiometric images
were captured on an Olympus IX70 fluorescent microscope
with Sutter Lambda LS light source, Roper CoolSnap ES cam-
era, and the Metalmaging software suite. Confocal images were
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FIGURE 1. Adaptation of cold-evoked TRPMS8 currents is dependent upon calcium and temperature. 4, in 1+exp| — ﬂ(V - Vi)
two-electrode voltage clamp recordings from rTRPM8-expressing Xenopus oocytes, cooling of nominally Ca®*- kgT v
free bath solutions to 15 °C evokes robust inward currents (holding potential of —60 mV) that are sustained for
the duration of the cold stimulus (5 min). Warming of the perfusate to room temperature inhibited these (Ea. 1)
currents, buta second cold ramp returned currents to previous levels (n = 5). B, in the presence of physiological
(2 mm) Ca®*, a cold ramp to 15 °C also produces robust inward currents, yet these decrease over time, and . .
subsequent cold stimuli evoke smaller, adapted currents (n = 4). C, TRPM8 adaptation is dependent upon where Zapp 18 the experimentally

temperature. In the presence of 2 mm external Ca®*, currents adapt more readily to moderately cool temper-
atures (15 °C) than strong cold pulses (6 °C) in the presence of 2 mm Ca®" (n = 3-6). D, before BAPTA injection,
cold-evoked inward currents adapt in the presence of 2 mm external Ca®™". After BAPTA injection (50 wl of a 100
mm solution), cold-evoked currents do not adapt (n = 4). £, prolonged cold stimulus (15 °C) in the presence of
2 mm Ca*" produces robust and adapting inward currents, which remain at adapted current magnitudes
(dashed line) until the bath solution is brought to physiological temperatures (>30 °C).

collected on a Zeiss LSM510 confocal microscope and analyzed
with MetaMorph software. Acquired fluorescent images are
shown in negative contrast such that fluorescence is repre-
sented as dark.

Fluorescence-activated Cell Sorting and RT-PCR—Freshly
dispersed TG neurons (prepared as described above) were
sorted by GFP fluorescence with a MoFlo Cytomation Cell
Sorter, and total RNA was purified using the Qiagen RNeasy kit
following the manufacturer’s instructions. The presence of
PLCS isozymes was determined by RT-PCR with the Qiagen
One-step RT-PCR kit following the manufacturer’s instruc-
tions. Primers for each isozyme were as follows: PLCé1 for-
ward, 5'-GGCAGGCATTCTATGAGATG-3', and reverse, 5'-
GGGGTCCACGATAGAATTCT-3'; PLC83 forward, 5'-TCAG-
GTTTGTGGTAGAAGAT-3', and reverse, 5'-TTCCTCTTCG-
GTCTTTTCAG-3'; PLC84 forward, 5'-CCATCATGTGCCCA-
GACCTA-3', and reverse, 5'-TCCATCCCACATAACCGGTT-
5'; and TRPMS8 forward, GCTCTCCACCAATATCCTTC-3',
and reverse, 5'-CAGTAGGTGGGACACGAGTC-3'.

Data Analysis—Data analysis was performed using Origin 6.1
(OriginLab Corp., Northampton, MA). Steady-state activation
curves were determined using methods described previously (25,
26). Briefly, to estimate maximal TRPMS activity at a given voltage,
we used a saturating dose of 1 mm menthol at room temperature to
activate TRPM8 and measured currents at the end of each voltage
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determined gating charge; k is the
Boltzmann constant (1.38 X 10~ 23]
K™1), and T is the absolute temper-
ature. The half-maximal conduct-
ance (Vi) is estimated from these
steady-state activation curves for
each cell. Data are represented as
the mean * S.E. Statistical significance was assayed using a
Student’s t test.

RESULTS

Ca®" Dependence of Cold-evoked TRPMS Currents—Cold-
evoked membrane currents, recorded in menthol-sensitive DRG
neurons in primary culture, are reported to adapt in a Ca®>*-de-
pendent manner (15). Moreover, in heterologous cells, we have
shown that menthol-evoked TRPMS currents adapt to prolonged
menthol exposure only in the presence of external physiological
Ca®" (7). We set out to determine whether TRPMS currents adapt
to a cold stimulus like that observed in native cells. Using two-
electrode voltage clamp recordings in rat TRPMS8-expressing
Xenopus oocytes, bathed in nominally free Ca*>" solutions, a cold
ramp from ~32 to 15 °C evoked a rapid and reproducible inward
current that was sustained for the length of the stimulus (Fig. 14).
In the presence of 2 mm external Ca®", cold-evoked (15 °C) cur-
rents were activated likewise, but then adapted to approximately
half the peak values after 5 min (46.0 = 4.1%, n = 4; Fig. 1, Band C).
The degree of adaption was temperature-dependent as less adap-
tion was observed if the perfusate was reduced to colder tempera-
tures (6 °C, 74.3 * 4.0%, n = 3; Fig. 1C). We also found that calcium
exerts its effects on TRPMS8 activity intracellularly. Even in the
presence of 2 mM external Ca®", no adaption to cold was observed
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tration was changed in less than 2 s
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muM Ca®" resulted in reduced men-
thol-evoked whole-cell currents,
measured during voltage ramps
from —80 to +80 mV (by 41.3 =
8.7% at +80 mV and 75.5 = 4.9% at
—80 mV, n = 5), that recovered
r upon Ca>" washout (Fig. 2, B-D).

External magnesium also reversibly
blocked menthol currents (not
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0 Ca2+

nA c 5 D 141 I +somv course in the reduction of TRPM8

4 IS B currents, and as intracellular Ca®*

b = was strongly buffered, it is unlikely

3 o 1.0 that this effect was because of adap-

§ 7 tation but is a result of block by

21 w 0.6 Ca®". Therefore, in all subsequent

1 £ ] experiments calcium concentration

3 021 was held constant such that Ca**

= PO ' 1 block was not misinterpreted as
-80-60-40-20 |°20 40 60 80 mV + adaptation.

1 2mM Ce? Weshaut CI;zemical Activation of PLC

FIGURE 2. Ca®* acts as a channel blocker of TRPMS. A, representative whole-cell voltage clamp recordings of
TRPM8-expressing HEK293T cells show reduced menthol-evoked currents at both positive and negative mem-
brane potentials as intracellular Ca®" is increased. B, in the presence of 200 um menthol, rapid solution
exchange (<2 s) from nominally Ca®*-free to 2 mm Ca** blocks TRPM8 currents measured during membrane
voltage ramps from —80 to +80 mV. Of note, this divalent block was rapidly reversible as well. C, current-
voltage relations from time points indicated in B. D, mean remaining currents are reduced by 41.3 = 8.7% at

positive potentials and 75.5 * 4.9 at negative potentials (n = 5).

once intracellular Ca>* was buffered by injection of the rapid Ca®*
chelator BAPTA into the oocyte (27) (n = 4; Fig. 1D). Finally,
recovery from adaptation was found to be temp-
erature-dependent as the magnitude of TRPMS8 currents
remained at the adapted levels as long as bath temperatures were
held in the sub-physiological range (~22 °C). However, current
amplitudes returned to pre-adapted levels once temperatures
were raised above 30 °C (Fig. 1E). Thus, as in menthol-sensitive
DRG neurons, cold-evoked TRPMS currents adapt in a Ca>*-de-
pendent manner, yet remain adapted until temperatures are
returned to physiological levels. These results suggest that TRPM8
adaptation is a Ca®" - and temperature-dependent process.

Ca®* and Other Divalent Cations Are TRPM8 Channel
Blockers—W e set out to determine the Ca®" -dependent mech-
anisms that promote TRPMS8 adaptation. However, it has been
reported that TRPMS8 currents are partially blocked by calcium
and barium ions (28). Thus, it is critical to distinguish between
physical blockade of the channel and decreased channel activity
by other regulatory mechanisms, such as adaptation. To this
end, we used whole-cell voltage clamp recordings of HEK293T
cells expressing rat TRPMS8 (7) in which the pipette solution
contained 5 mm EGTA to buffer cytoplasmic Ca®>" and thus
prevent adaptation. Under these conditions, we observed that
external calcium reduced menthol-evoked currents in a
concentration-dependent manner (Fig. 24). To distinguish
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Reduces Menthol-evoked TRPMS8
Currents—Several — groups have
reported that PIP, levels effect
TRPMS8 activity in membrane
patches excised from heterologous
cells (16, 17, 29). These data, along
with our previous results on the Ca®>* and temperature depend-
ence of adaptation, suggest that PLC activation and subsequent
PIP, hydrolysis induces adaptation, presumably through a rise
in intracellular calcium via TRPMS. For adaptation to be medi-
ated in this manner, menthol-evoked increases in intracellular
Ca®" must give rise to increased PLC activity. We tested if this
was indeed the case in rTRPMS transfected HEK293T cells
using an optical probe that monitors depletion of PIP, (30). We
used the PIP, reporter PH-PLC®S1 (a kind gift of reagents
from B. Hille and K. Mackie), a fusion protein of red fluores-
cent protein (RFP) or yellow fluorescent protein (YFP), and
the PIP,- and IP;-binding pleckstrin homology (PH) domain
of PLC41, and we co-transfected it with TRPMS8 in HEK293T
cells. Under basal conditions, the majority of PH-PLC41 is
bound to PIP, and localized to the plasma membrane (Fig. 34
and supplemental Fig. 1). We first confirmed that Ca®>" influx
itself can promote translocation of the reporter from the mem-
brane to the cytosol by applying 10 um ionomycin to
PH-PLCé81-expressing HEK293T in the presence of 2 mm
external Ca®"* (supplemental Fig. 14). Next, we tested if Ca>"
influx via TRPMS8 can likewise evoke translocation by applying
200 um menthol in 2 mMm external Ca®". As shown in Fig. 3, A
and B, we observed increased cytosolic fluorescence, with a
concomitant decrease in membrane fluorescence, indicating
cleavage of PIP, (decrease at the membrane) and generation of
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FIGURE 3. Direct pharmacological activation of PLC by m-3M3FBS reduces menthol-evoked TRPM8 cur-
rents. A, representative confocal images of menthol-evoked translocation of a PLC81-PH-RFP domain fusion
protein reporter in the presence of 2 mm external Ca?*. HEK293T cells were co-transfected with rTRPM8 and
PLCS-PH-RFP constructs, and RFP fluorescence was monitored before and after addition of 200 um menthol to
the bath solution (data representative of 10 independent experiments). Cells are shown in negative contrast.
B, RFP fluorescence increased in the cytosol (circles) but remained constant in the nucleus (boxes) when the
cells were exposed to 200 um menthol. Data values are arbitrary fluorescence units (F) normalized to basal
fluorescence (F,). G, representative whole-cell voltage clamp recording from an rTRPM8-expressing HEK293T
cell. Menthol-evoked currents (200 um) were rapidly reduced upon bath co-application of 5 um m-3M3FBS at
both positive and negative membrane potentials. D, representative current-voltage relationships for menthol-
evoked responses before (a), during (b), and after PLC activation (c). Data corresponds to the points in the
recording indicated in C. E, reduction of TRPM8 currents by m-3M3FBS is dose-dependent. Each dosage was

tested on 3-6 cells, and bars represent the means = S.E.

IP, (increase in the cytosol). These data are consistent with a
FRET-based approach that showed that menthol application
can induce PH domain translocation in TRPM8-expressing
COS-1 cells (17) and show that Ca®" entry through TRPMS
is sufficient to increase PLC activity in HEK293T cells as
well. When menthol was applied in nominally Ca®"-free
conditions, little change occurred in the localization of PH-
PLCS41 fluorescence (not shown).

Next, we sought to test the hypothesis that PLC regulates
TRPMS activity using the benzenesulfonamide compound
m-3M3EFBS, which activates all isoforms of PLC, including
those of the calcium-sensitive PLC3 family (30-33). Thus, if
adaptation is a result of Ca®>*-mediated activation of PLC,
then PLC activation in the absence of a rise in intracellular
Ca”" should lead to reduced TRPMS activity. We first tested
the effectiveness of m-3M3FBS to activate PLC using the
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where little or no TRPMS currents
remained even after washout (Fig.
3E, n = 8). However, when the
concentration of m-3M3FBS was
kept at 5 um or below, menthol
currents were typically restored
upon washout at positive mem-
brane potentials, but rarely at neg-
ative potentials (Fig. 3, C and D).
Because of the negligible amount
of inward currents at negative
membrane potentials, the rest of
our analyses of channel function was recorded at positive
membrane potentials.

Chemical Activation of PLC Reduces Cold-evoked TRPMS8
Currents—We next tested if chemical activation of PLC has
similar effects on cold-evoked TRPMS8 currents in heterolo-
gous cells. In the absence of external Ca®>* and with Ca?*-
buffered pipette solutions, we first tested the effect of
m-3M3FBS on sustained cold-evoked currents, measuring
responses to a cold ramp from 32 to 17 °C. As shown previ-
ously, cold-evoked currents were maintained with persistent
cold stimuli but were significantly reduced upon application
of 5 um m-3M3FBS (n = 6; Fig. 4, A and B). Moreover, the
concentration dependence of the m-3M3FBS-induced
reductions of cold currents was consistent with those
observed for menthol-evoked currents (see Fig. 3E and sup-
plemental Fig. 24).
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rents, cold currents were recovered
to basal levels when m2-3M3FBS was
8 held at minimal concentrations (Fig.
4, C and D). Thus, in heterologous
cells, direct activation of PLC in a
manner independent of Ca®"
adapts TRPMS8 currents similar to
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FIGURE 4. A, direct pharmacological activation of PLC reduces cold-evoked TRPM8 currents in heterologous
cells. A cold ramp (from 32 to 19 °C) evoked robust membrane currents (at +80 mV) that were reduced upon
application of 2.5 um m-3M3FBS. In this cell, a subsequent cold pulse was reduced compared with the initial
values. B, current-voltage relations obtained from the points indicated in A. C, representative whole-cell volt-
age clamp recording of TRPM8 cold currents evoked by successive cold ramps from 32 to 17 °C (holding
potential (h.p.) +80 mV). When 2.5 um m-3M3FBS was applied between the 2nd and 3rd cold pulses, cold-
evoked TRPMS8 currents were reduced but returned to their previous amplitudes with time. D, representative
current-voltage relations of cold-evoked responses taken from the points indicated in the recording in C.
E, current to temperature relationship of TRPM8 responses before and after activation of PLC by
m-3M3FBS. Cold-evoked TRPM8 currents (in the presence of 50 um menthol) were normalized to a maxi-
mal saturating response at 14 °C (n = 6). F, current to temperature relationship of cold-evoked TRPM8
responses across five successive temperature pulses. Data presented are the average normalized temper-
ature response for each of the five consecutive cold pulses, and 2.5 um m-3M3FBS was applied between

the 2nd and 3rd cold pulses (n = 6).

Next we tested the effect of application of the PLC activator
between consecutive cold pulses (from 32 to 14 °C) in a Ca**
free setting. To enhance cold-evoked currents, 50 uM menthol
was included in the bath solution. Under these conditions,
there was a slight reduction in current amplitude, recorded at
positive membrane potentials, between the 1st and 2nd cold
stimulus (decrease of 11.4 = 3.9%, n = 10; Fig. 4C). However, all
subsequent cold pulses evoked similar current amplitudes
(98.0 = 6.9%, amplitude of 3rd cold pulse as a percentage of the
2nd cold pulse, n = 6). Thus, we tested the effect of transient
application of m-3M3FBS between the 2nd and 3rd cold pulses
and found that directly activating PLC significantly reduced the
current amplitude of cold-evoked currents (55.8 * 8.5%, n = 6,
p <0.01, amplitude of 3rd cold pulse as a percentage of the 2nd
cold pulse, see Fig. 4, C and D). As with menthol-evoked cur-
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classical Ca®?"-mediated adapta-
tion and supports the hypothesis
that adaptation is a PLC-mediated
process.
nA PLC Activation Does Not Shift the
Temperature Sensitivity of TRPM8—
Our data show that direct activation
1 b of PLC leads to a decrease in either
cold- or menthol-evoked TRPMS8
mv currents. However, it is not clear
mechanistically how channel
properties are altered under these
conditions. One possible mecha-
nism is that adaptation leads to a
shift in the temperature depend-
ence of TRPMS8. Thus, adaption
results because of a decrease in
TRPMS8 temperature sensitivity
such that colder temperatures
would be required to generate pre-
adapted currents. Indeed, adapta-
tion in other sensory systems has
been shown to be manifested as a
result in decreased sensitivity to
sensory stimuli (34).

We first tested this premise
by measuring the temperature
dependence of TRPMS8 currents
before and after activation of PLC
by m-3M3EBS. A five-cold pulse
protocol was employed, where we
applied 2.5 uM m-3M3EBS between
the 2nd and 3rd cold pulses and
examined the temperature depend-
ence profiles by normalizing these
responses to the peak currents
recorded at 14 °C. With this approach, we found that the tem-
perature dependence of cold-evoked currents before and after
PLC activation was unchanged (Fig. 4E). We quantified tem-
perature thresholds as the bath temperature where currents
increased to 20% of the maximal, finding thresholds of 24.6 *
1.2 and 22.9 = 0.8 °C before and after PLC activation, respec-
tively (n = 5). Moreover, when normalized cold-evoked cur-
rents were compared across all five cold ramps, there were no
significant differences in their temperature dependences (Fig.
4F). Thus, although direct activation of PLC leads a reduction in
TRPMS activity, the effect is not manifested as a change in
channel sensitivity to temperature.

PIP, Depletion in Intact Cells Reduces Menthol-evoked
TRPMS8 Currents—Mechanistically, the ability of PLC to regu-
late TRPMS8 further supports data suggesting that channel

s0mv
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TRPM8 Is Regulated by Phospholipase C via PIP,

activity is highly sensitive to the content of the PIP, in the inner
leaflet of the plasma membrane. Indeed, it has been shown that
in inside-out oocyte membrane macropatches containing
TRPMS, addition of PIP, to the cytosolic face, is sufficient to
restore the rundown of TRPMS8 currents that occurs upon
patch excision (16, 17). However, in these studies the effect of
PIP, on channel activity was recorded in isolated membrane
patches and not in intact cells. Thus, it remains a possibility that
itis not PIP, per se but rather the metabolic by-products of PIP,
hydrolysis that regulates TRPMS via their downstream effec-
tors. Indeed, it has been reported that PKC-mediated phospho-
rylation is responsible for TRPM8 adaptation, although the
channel does not appear to be a substrate for PKC (22, 23).
Thus, we set out to determine whether PLC-independent
reductions in PIP, in intact cells, without the production of
diacylglycerol (DAG) or IP,, affects menthol and cold-evoked
currents.

We co-transfected HEK293T cells with TRPMS8 and the
membrane-tethered PIP,-specific 5'-phosphatase Inp54p
(construct Lyn-PH-PP-GFP; a gift from T. Meyer and M. Sha-
piro) (35, 36). This phospholipid phosphatase is expressed as a
fusion protein with the myristoylation/palmitoylation region of
the tyrosine kinase Lyn, thereby localizing to the plasma mem-
brane and selectively reducing plasmalemmal PIP,, but not
other intracellular pools. Moreover, as this is a GFP fusion pro-
tein, cells expressing the phospholipid phosphatase are easily
visualized (Fig. 54). We initially used Ca®>"* microfluorimetry
with the intracellular Ca®>* indicator Fura-2 to compare men-
thol-evoked responses in TRPMS8-expressing cells to those
expressing both channel and the phosphatase (Fig. 5, A and B).
Under these transfection conditions, cells were co-expressing
Lyn-PH-PP-GFP and rTRPMS8 (menthol-sensitive and GFP-
positive; Fig. 5A, green arrowheads) or TRPMS8 alone (menthol-
sensitive; Fig. 54, red arrowheads). Thus, with this approach,
cells with reduced plasmalemmal PIP, were assayed alongside
cells with basal PIP, content. We found that all cells in which
menthol evoked a robust increase in intracellular Ca*>* were
negative for GFP (0/177 cells), whereas those expressing the
GEFP fusion protein were either unresponsive or had a signifi-
cantly reduced response to menthol (Fig. 5C; peak R at 200 um
menthol. 0.92 = 0.01 versus 0.41 = 0.02 for GFP~ versus GEP™,
respectively (p < 0.01)). Thus, these data suggest that cellular
manipulations that decrease plasmalemmal PIP, in a PLC-in-
dependent manner reduce TRPMS responsiveness to menthol.

One caveat for this approach is that phosphatase-expressing
cells are operating with reduced PIP, levels for extended peri-
ods of time, thus potentially altering other cell functions that
may indirectly affect TRPMS8. Thus, we measured TRPMS cur-
rents in cells in which we conditionally depleted plasmalemmal
PIP, levels (37), an approach that has been reported to inhibit
menthol-evoked currents in TRPM8-expressing heterologous
cells (38). This system is advantageous because it provides a way
to inducibly bring the PIP, 5'-phosphatase Inp54p to the cell
membrane by the addition of the dimerizing immunosuppres-
sant rapamycin. The addition of rapamycin dimerizes the phos-
phatase FKBP-Inp54p (expressed as fusion protein with the
EK506-binding protein (FKBP) and the fluorophore mCherry)
with a membrane-anchored FKBP-rapamycin-binding domain
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FIGURE 5. PLC-independent depletion of plasmalemmal PIP, reduces
menthol-evoked TRPM8 currents. A, representative images of HEK293T
cells expressing rTRPM8 and Lyn-PH-PP-GFP. A, panel i, GFP fluorescence
marks the cells expressing both constructs and have reduced PIP, levels.
Pseudocolored images of the 340/380 nm Fura-2 ratio show low basal Ca®*
before application of 200 um menthol (A, panel ii). Green arrowheads mark
GFP™ cells expressing Lyn-PH-PP-GFP in which menthol evoked a small
increase in R values, and red arrowheads mark GFP-negative cells in which
menthol evoked arobust changeinintracellular Ca®* (A, paneliii). B, averaged
changes in the Fura-2 ratio of control TRPM8-expressing cells (black boxes,
n = 20 cells) versus those co-expressing Lyn-PH-PP-GFP (blue circles, n = 25
cells). C, average peak ratio values (1st menthol application) of individual cells
and data are averaged responses from four independent experiments and
15-25 cells per experiment. D, representative whole-cell voltage clamp
recording (holding potential (h.p.) +80 mV) from a cell transfected with
rTRPM8, FKBP-Inp54p, and Lyn11-FRB. Menthol-evoked (200 wm) TRPM8 cur-
rents were diminished following application of the dimerizing agent rapamy-
cin that translocates Inp54p to the membrane. E, whole-cell voltage clamp
recording from a cell transfected with rTRPM8 and FKBP-Inp54p but not the
membrane tethered component Lyn11-FRB. Repeated menthol-evoked (200
M) TRPMS currents did not diminish upon application of the dimerizer rapa-
mycin. F, summary data of the reductions in menthol-evoked TRPM8 currents
using the rapamycin (Rap), Inp54p translocation system (n = 5 cells for each
condition). G, menthol dose-response relationship before and after rapamy-
cin-induced Inp54p translocation and reduction of TRPM8 currents (n = 3-9
cells per menthol concentration).

(Lyn,,-FRB), thereby translocating the phosphatase to the
membrane. We found that addition of 1 um rapamycin reduced
whole-cell menthol-evoked TRPMS8 currents when FKBP-
Inp54p and Lyn,,-FRB were co-expressed with TRPMS (Fig.
5D). These data are consistent with our Ca>" microfluorimetry
results with the expression of membrane-bound Inp54p. At
positive potentials, menthol currents were reduced to 36.8 =
11.3% (Fig. 5F, n = 5) of their original magnitude, although at
negative potentials, rapamycin effectively eliminated TRPM8
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currents such that it excluded further evaluation (see supple-
mental Fig. 2B). Moreover, this effect was dependent upon
translocation of Inp54p to the membrane as in cells containing
phosphatase only (without the membrane-bound Lyn,;-FRB),
the addition of rapamycin had no effect (Fig. 5, E and F, also see
supplemental Fig. 2C). Finally, reductions in TRPMS activity
required dimerization as repeated menthol-evoked currents
were unchanged in the presence of both components of the
translocation system (Fig. 5F).

With reduced menthol responses after the dephosphoryla-
tion of PIP, by the 5'-phosphatase, we sought to determine
whether changes in TRPM8 menthol sensitivity underlie this
effect. Thus, we generated menthol dose-response relation-
ships before and after the addition of rapamycin in HEK293T
cells expressing TRPMS8 and the translocation constituents. As
shown in Fig. 5G, phosphatase-mediated reductions in PIP,
levels did not significantly alter menthol sensitivity of TRPMS.
The EC;, value of menthol-evoked currents before and after
the translocation of Inp54p were 144.4 + 15.2 uM and 135.4 =
15.0 uM (n = 3-9 cells per menthol dose), respectively. Thus,
reducing PIP, levels in intact cells does not alter menthol sen-
sitivity of TRPMS.

PIP, Depletion Reduces Cold-evoked TRPMS8 Currents with-
out Altering Temperature Sensitivity—We also examined the
temperature dependence of cold-evoked Ca®* responses when
PIP, levels were reduced. We co-expressed TRPMS8 with mem-
brane-bound Inp54p (Lyn-PH-PP-GFP) and compared cold-
evoked Ca®* responses as done previously for menthol (see Fig.
5). In cells expressing TRPMS8 alone, rapid reductions in the
temperature of the perfusate from 32 to 17 °C evoked a robust
and reproducible increase in intracellular Ca*>* (Fig. 6, A and B).
Similar responses were observed in cells co-expressing TRPM8
and Inp54p, but the magnitude of the Ca®>* response was sig-
nificantly reduced to 59% of the TRPM8-alone cells (Rrrpms =
29 % 0.2, Rrrpms + mpsap — 1.7 £ 0.2, n = 6 experiments,
25-57 cells per experiment, p < 0.01; Fig. 6C). However, when
Ca®* responses were normalized to peak values at 17 °C under
these two conditions, there was no difference in temperature
sensitivity (Fig. 6D). Apparent temperature thresholds (meas-
ured as the temperature where R increased by 15% above base
line) were found to be 26.6 = 0.8 °C (n = 57 cells) for TRPMS8-
expressing cells and 26.5 = 1.4°C (n = 49 cells) for TRPMS8-
and Inp54p-expressing cells.

We also used whole-cell voltage clamp recordings and the
rapamycin-Inp54p translocation system to measure the tem-
perature dependence of TRPMS8 currents before and after
phosphatase translocation. First, we established for the first
time that addition of rapamycin in cells expressing TRPMS8 and
all the translocation components results in a reduction of cold-
evoked TRPMS currents (Fig. 6, E and F). As previously, we
employed a multiple cold ramp protocol (from 30 to 14 °C) and
applied rapamycin between the 2nd and 3rd cold pulses,
observing that Inp54p translocation reduced TRPMS8 cold-
evoked currents to 60.6 * 4.0% (n = 7) of their original magni-
tude. These data are consistent with the effects of Inp54p activ-
ity on menthol-evoked TRPMS currents.

To determine the effect of PIP, depletion on the temper-
ature dependence of TRPM8 currents, we plotted normal-
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FIGURE 6. PLC-independent depletion of plasmalemmal PIP, reduces
cold-evoked TRPMS8 currents but does not alter temperature sensitivity.
A, representative images of HEK293T cells expressing rTRPM8 and Lyn-PH-PP-
GFP. Left panel, GFP fluorescence marks the cells expressing both constructs.
Middle and right panels, pseudocolored images of the 340/380 nm Fura-2
ratio (R) show low basal Ca>* when the perfusate is held at ~33 °C, but
increased R values when perfusate temperature is reduced to 17 °C. Arrow-
heads mark GFP™ cells expressing Lyn-PH-PP-GFP. B, averaged changes in the
Fura-2 ratio taken from A of control TRPM8-expressing cells (black lines,n = 11
cells) versus those co-expressing Lyn-PH-PP-GFP (blue lines, n = 13 cells).
C, peak R values for each condition. Data are represented as the average peak
Rvalues at 17 °Cand are from seven independent experiments that averaged
11-25 cells per experiment. D, normalized Ca®" responses to the 1st cold
ramp shown in B for TRPM8-expressing cells and TRPM8 and Lyn-PH-PP-GFP
co-expressing cells. The base-line Rvalues were first subtracted and then each
trace was normalized to the peak R value at 17 °C. E, representative whole-cell
voltage clamp recording (holding potential (h.p.) +80 mV) from a cell trans-
fected with rTRPM8, FKBP-Inp54p, and Lyn11-FRB. Cold-evoked TRPM8 cur-
rents were diminished following application of the dimerizing agent rapamy-
cin (rap). F, representative current-voltage relationships for before and after
Inp54p translocation to a cold stimulus (15 °C). Data are taken from the time
points indicated in E. G, current to temperature relationship of TRPM8
responses before and after translocation of Inp54p to the plasma membrane
by the dimerizer rapamycin. Cold-evoked TRPM8 currents (in the presence of
50 um menthol) were normalized to a maximal saturating response at 14 °C
(n = 6). There was a slight significant difference in the normalized current
amplitudes at 24 and 22 °C (p < 0.05, asterisks). H, current to temperature
relationships were plotted and fit with a sigmoidal relationship, and the tem-
perature at 20 (Y20), 50 (Y50), and 80% (Y80) of the peak currents at 14 °C were
calculated from the curve. At 20% of the peak current, there was a significant
difference (p < 0.05) in the temperatures before and after Inp54p transloca-
tion, but not at 50 and 80%.

ized cold-evoked currents to the peak currents recorded at
14 °C, at positive membrane potentials, obtained during the
2nd and 3rd (after rapamycin) cold ramps. As shown in Fig.
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FIGURE 7. Adaptation of neuronal TRPMS currents is Ca>*-dependent and mimicked by PLC activa-
tion. A, fluorescent photomicrograph of cultured TG TRPM8" neurons visualized by GFP expression.
B, representative RT-PCR DNA bands for expression of PLCS isozymes in TRPM8 neurons in vivo. All three
isozymes are present in whole TG tissue samples, whereas PLC83 and PLC84 predominate in TRPM8
neurons (n = 3 experiments). C, whole-cell current clamp recordings from a TRPM8-expressing neuron in
which trains of action potentials were elicited by two successive cold pulses (n = 5). D, whole-cell men-
thol-evoked (200 um) currents from TRPM8-expressing neurons do not adapt to repeated stimuli in the
absence of external Ca®* and with 5 mm EGTA in the recording pipette (n = 5). E, in the presence of
physiological (2 mm) calcium and weak intracellular Ca?* buffering (0.5 mm EGTA), whole-cell menthol-
evoked neuronal currents adapt over time and do not recover fully on subsequent menthol exposures
when the cell is held at 22 °C (n = 6). F, menthol-evoked currents in TRPM8 TG neurons decrease or adapt
upon bath application of 5 um m-3M3FBS (n = 7). G, current-voltage relations at the points indicated in F.
H, average residual TRPMS8 currents in neurons after application of 5 um m-3M3FBS for 3 min. at both
positive and negative potentials. m-3M3FBS reduces currents to 66.7 = 17.9 and 31.2 = 14.3% (n = 7) at

Ca®"  Dependence of Native
TRPMS8 Currents in Neurons—Al-
though heterologously expressed
TRPMS8 adapts to both cold and
menthol stimuli, we sought to verify
that native TRPMS8 channels adapt
in a like manner, taking advantage
of a transgenic mouse line in which
TRPMS neurons express EGFP in
vivo (6). This animal model provides
significant benefits in that TRPMS-
expressing neurons are identified
without prior exposure to channel
agonists, which may alter the state
of adaptation or cell function. As
shown in Fig. 74, cultured neonatal
mouse trigeminal ganglia neurons
expressing TRPMS are readily iden-
tifiable by GFP fluorescence (6).
This robustness of GFP fluores-
cence also allowed us to determine
the expression of the Ca®*-sensitive
PLCS4 isozymes in TRPMS8 neurons.
GFP-positive dissociated TG neu-
rons were purified by fluorescence-
activated cell sorting (see supple-
mental Fig. 2D), and expression
of TRPM8 neuron-specific PLCS
isozymes was determined by RT-
PCR (see under “Experimental Pro-
cedures”). As shown in Fig. 7B, all
three isozymes were detected in
samples of whole trigeminal ganglia,
although in 2 of 3 experiments only
PLC83 and -4 were observed in
purified TRPMS8 neurons. Thus,
these data demonstrate that
TRPMS neurons express Ca*>*-sen-
sitive PLCS isozymes.

positive and negative membrane potentials, respectively.

6G, the temperature dependence of cold-evoked currents
before and after Inp54p translocation was largely un-
changed. However, normalized currents at near threshold
temperatures were slightly diminished after phosphatase
translocation (at 24 °C, 0.30 = 0.04 before and 0.15 = 0.04
after translocation; at 22 °C, 0.45 = 0.04 before and 0.29 *
0.05 after translocation, p < 0.05 (n = 7); Fig. 6G). Temper-
ature-response profiles were best fit with a sigmoidal rela-
tionship (Fig. 6G), allowing for the calculation of the average
temperature at 20, 50, and 80% of the peak currents (at
14 °C). Using these analyses (Fig. 6H), we found limited but
significant differences between before and after Inp54p
translocation at the 20% value (24.8 = 0.3 °C before and
22.2 * 0.5 °C after translocation, p < 0.05 (n = 7)). However,
no difference in temperature sensitivity was observed at
other points along the temperature-response curve (Fig. 6H),
demonstrating no overt change in channel sensitivity to cold
after PIP, depletion.
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We next characterized cold re-
sponsiveness of GFP™ cells electrophysiologically first in cur-
rent clamp mode to determine whether action potentials were
evoked in these cells by cold stimuli (a cold ramp from 40 to
15 °C; Fig. 7C). GFP* neurons had an average resting mem-
brane potential of —51.6 £ 4.8 mV (n = 5), and began to depo-
larize when the perfusate was cooled below 28.3 = 1.4 °C. Cold-
evoked action potential amplitudes were 76.4 * 8.5 mV with
durations at takeoff voltage of 5.1 = 0.8 ms and after hyperpo-
larizations of 4.9 = 1.7 mV. We observed the first action poten-
tials at an average threshold temperature of 24.2 = 1.6 °C, with
arange of thresholds from 27.3 to 18 °C. These data are consist-
ent with nerve recordings using the skin-nerve preparation in
TRPMS8-null mice that lack cold responses over a range of tem-
peratures (9),® suggesting that the TRPMS8 population of neu-
rons is responsive to both innocuous and noxious cold temper-
atures in vitro.

3 C. Stucky, personal communication.
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Thus, these data are consistent with
previous reports and demonstrate
that TRPM8 channels expressed
both heterologously and in native
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Chemical  Activation of PLC
Reduces TRPMS8 Currents in Neu-
rons—Although it is clear that PLC
activation adapts recombinant
TRPMS channels, it has not been
demonstrated that native TRPMS8
currents can be affected similarly.
Thus, we extended our studies into
native cells using the GFP trans-
genic mouse line (6). Similar to our
results in heterologous cells, whole-
cell neuronal currents evoked by
200 um menthol are reduced upon
application of 2.5 um m-3M3FBS
(Fig. 7, F and G). At positive poten-
tials, the remaining currents were
66.7 = 17.9% of peak currents,
although at negative potentials, the
remaining currents averaged 31.2 =
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FIGURE 8. PLC activation and PIP, depletion shifts the voltage dependence of TRPM8 channel gating.
A, representative whole-cell TRPM8 current traces in response to the indicated voltage protocol. Traces show
activity before and after 1 mm menthol application, and after application of 5 um m-3M3FBS (while still in the
presence of 1 mm menthol). B, steady-state activation curves. The normalized conductance (9/g,,,.,) was deter-
mined as explained under “Experimental Procedures.” Lines represent Boltzmann functions fitted to the data
(n = 6). G, average voltages of half-maximal g/g,. (V1,,) obtained by fitting data to a Boltzmann function as
described (n = 6). D, representative whole-cell TRPM8 current traces in response to the indicated voltage
protocol. Traces show TRPM8 activation by T mm menthol, before and after Inp54p translocation induced by 1
1M rapamycin (rap). E, steady-state activation curves. Lines represent Boltzmann functions fitted to the
data (n = 12). F, average voltage of half-maximal g/g,.., (V1,,), obtained by fitting data to a Boltzmann function

(n=12).

We have reported previously that menthol evokes outwardly
rectifying currents in TRPM8-GFP neurons that adapt in the
presence of Ca®>" (6). As shown in Fig. 7D, and like heterolo-
gously expressed channels, when menthol-evoked currents are
recorded in nominally Ca®>"-free external solutions and with
strong Ca®" buffering in the pipette, menthol currents are sus-
tained and do not exhibit adaptation. However, when Ca*" is
present externally and the recording pipette is weakly buffered
for Ca®>*, menthol-evoked currents adapt over time (Fig. 7E).
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menthol

data suggest that PLC is mediating
TRPMS8 adaptation in native cells,
as well as in heterologous systems,
and supports the hypothesis that
TRPMBS is regulated downstream of
PLC activity.

Adaptation Shifts the Voltage
Dependence of TRPM8 Currents—
TRPMS exhibits voltage-dependent
gating, and it has been demon-
strated that menthol and cold shift
the voltage dependence of the chan-
nel so that it opens more readily at
physiological voltages (25, 26).
Because adaptation is not a change
in channel sensitivity to menthol or
cold, we hypothesized that adapta-
tion reflects a shift in channel volt-
age dependence toward more posi-
tive membrane voltages. We tested
this hypothesis in heterologous cells
by comparing TRPMS8 conduc-
tances at steady-state holding
potentials before and after we induced adaptation, either with
m-3M3FBS-induced PLC activation or by 5’-phosphatase-me-
diated PIP, depletion (Fig. 8). The normalized TRPMS8 con-
ductance for each cell, referred to here as g/g,,... (as in Refs. 25,
26), was plotted for the given voltages under basal conditions,
after the application of 1 mm menthol, and after the addition of
5 um m-3M3FBS (while still in the presence of 1 mm menthol)
(Fig. 84). The conductance to voltage relationship was fitted
with a Boltzmann function, allowing the calculation of the half-

L——1-100 mV

menthol
+rap
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maximal activation voltage (V1,) under each condition. Using
this protocol, we found that application of menthol shifted the
activation curve toward negative membrane potentials (Fig.
8B), as has been reported previously (25). However, the reduc-
tion of TRPMS currents by the application of m-3M3FBS, in the
presence of menthol, shifts the curve back toward the basal
state and more positive membrane potentials (Fig. 8B). The
average Vi, values under basal conditions, after addition of
menthol, and after addition of 5 um m-3M3FBS were 223.0 =
5.4, 20.5 £ 11.0, and 111.7 = 21.1 mV, respectively (Fig. 8C).
These results suggest that activation of PLC by m-3M3FBS
alters TRPMS8 by shifting the voltage dependence of channel
gating toward more positive voltages, thereby reversing the
effects of agonist activation.

One caveat for these results is that the by-products of PLC
activation may be altering channel function. Therefore, we also
tested the effect of adaptation using the rapamycin-induced
translocation of Inp54p on the voltage dependence of TRPMS8
gating (Fig. 8D). These experiments were performed in the
same manner as described above. From the steady-state cur-
rents, we calculated conductances and fitted conductance-volt-
age relations to Boltzmann functions and estimated the Vi,
value for each treatment condition (Fig. 8, E and F). In 12 of 12
cells tested, we found that the addition of rapamycin caused the
activation curve to shift to more positive voltages. Specifically,
we found that the average Vi, values upon menthol application
and after addition of 1 uMm rapamycin were 39.8 * 8.1 and
136.5 = 23.7 mV, respectively (Fig. 8F). Together, these find-
ings suggest that TRPMS activation and adaptation both reflect
changes in the voltage dependence of channel gating.

DISCUSSION

Here we show that direct pharmacological activation of PLC
reduces whole-cell recombinant TRPMS currents, that PLC-
independent PIP, depletion (without second messenger gener-
ation) reduces whole-cell recombinant TRPMS8 currents, and
that chemical activation of PLC reduces whole-cell TRPMS8
currents in native cells. These data support the hypothesis that
PLC regulates TRPMS activity and underlies Ca**-mediated
adaption to cold and cooling compounds such as menthol. In
our investigation of TRPMS8 adaption, we also show that the
reduction in TRPMS activity is not because of alterations in
sensitivity of the channel to temperature or agonist, but is a
result in a shift in voltage-dependent gating. Thus our results
provide insights into how TRPMS activity is mechanistically
altered under adapting conditions.

Adaptation to cold stimuli occurs both in vivo and in vitro
(13-15, 18, 39). Reid and co-workers (15, 18, 40), using cold- or
menthol-sensitive cultured DRG neurons, found that either
stimulus evokes ionic currents that rapidly adapt in a Ca**-de-
pendent manner when recording in the whole-cell configura-
tion. However, adaptation was absent when recordings were
made from excised membrane patches, but a higher threshold
temperature (i.e. colder temperature) of ~18 °C was required
for activation (40). Similarly, we and others have shown that
both menthol- and cold-evoked currents, in cells heterolo-
gously expressing TRPMS, adapt in an intracellular Ca**-de-
pendent manner (7). Interestingly, adapted currents recover
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upon a return to physiologically warm temperatures, but will
remain in this adapted state as long as the cell is held at sub-
physiological temperatures (~22 °C; see Fig. 1). Moreover, we
found that adaptation of TRPM8 was much more robust when
the activating temperature is held at 15 versus 6 °C. These
observations strongly suggest that adaptation is mediated, at
least in part, by a temperature-dependent enzymatic process
and are consistent with the PIP, model. PIP, levels are deter-
mined not only by PLC activity, but also by phosphoinositide
synthesis enzymes, whose activities are likely temperature sen-
sitive (30). In the case of the former, our observation that cur-
rents evoked by an extreme cold stimulus (~6 °C) adapt to a
lesser extent than warmer stimuli (15 °C) may indicate that PLC
hydrolysis of PIP, is slowed at colder temperatures. Similarly,
under conditions as those shown in Fig. 1E, adapted currents
will recover more slowly at cold temperatures because of cold
inhibition of PIP, synthesis enzymes. Another consideration
for the slowing of recovery at cold temperatures is that mem-
brane fluidity is decreased as a result of cooling, thus perhaps
slowing lateral diffusion of PIP, that is needed to replenish PIP,
at TRPMS8 channels.

This hypothesis is further supported by reports demonstrat-
ing that PIP, is an obligatory factor in TRPMS function (16, 17).
TRPMS currents are remarkably stable in whole-cell recordings
under Ca®*-free conditions, yet rapidly rundown after mem-
brane patch excision. Rundown could be inhibited if the patch
was exposed to a mixture of phosphatase inhibitors, as well as
enhanced in the presence of magnesium (16). The role of PIP,
was inferred when it was shown that exposing the cytoplasmic
surface of the patch to exogenous PIP, restored TRPMS8 cur-
rents to pre-rundown levels (16, 17). Thus, it is clear that PIP, is
important for TRPM8 function, and that any mechanism
whereby plasmalemmal levels of the lipid are reduced would
lead to decreased channel activity. As PLC and phosphoinosit-
ide kinases break down and synthesize PIP,, respectively, either
pathway is likely to regulate TRPMS function.

This important role of PLC and PIP, in regulating TRPMS is
not surprising as this enzyme, and the resulting signaling cas-
cade, is known to regulate several TRP channels via mecha-
nisms that include the hydrolysis of PIP,, production of lipid
metabolites, or the release of Ca?* from intracellular stores (41,
42). For example, the channel homologues TRPM4 and TRPM5
are keenly sensitive to PIP, (24, 43-45). TRPMS5 is critical for
coding of sweet, bitter, and umami tastants and is activated
downstream of GPCR tastant receptors that are coupled to
a-gustducin and PLCP, (46, 47). Current models suggest that
Ca?" liberation from intracellular stores, via IP, synthesis from
PIP, cleavage, are detected by TRPM5 and thereby lead to
channel activation and neural signaling (24, 44, 47). A similar
Ca®"-mediated activation mechanism has also been postulated
for TRPM4 activation (45). PIP, has also been shown to be
involved in desensitization of TRPM4 and TRPM5 where it
appears to play a partially obligatory role in the activity of each
channel in very much the same manner as TRPMS (16, 17, 24,
45).

In addition to TRPM4 and TRPM5, PIP, has also been shown
to regulate activity of the heat- and capsaicin-gated ion channel
TRPV1, although with an interesting duality of action (48).
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Receptor-mediated hydrolysis of PIP, was initially suggested to
sensitize TRPV1 to capsaicin, heat, and protons, by releasing an
inhibitory effect of PIP, on the channel (49, 50). However, more
recent evidence suggests that PIP, is an obligatory component
of the protein complex, and its presence is likely required for
normal channel function (48, 51-54). This dual regulatory role
for PIP, on TRPV1 function has recently been proposed to be
dependent on the degree of channel stimulation (48, 53). Thus,
PIP, is a key and nearly ubiquitous regulator of TRP ion channel
function in many biological systems.

Our results suggest adaptation is manifested as a change in
TRPMS voltage-dependent gating, which is antagonistic to the
changes evoked by either temperature or agonist activation.
This observation was consistent with adaptation evoked by
either PLC activation or by PLC-independent dephosphoryla-
tion of PIP,, suggesting a conserved mechanism for the shift in
voltage dependence of the channel. Voltage dependence of
TRPMS8 has been proposed to be strongly linked to temperature
sensitivity of the channel (25, 26). TRP ion channels are struc-
turally similar to voltage-gated potassium (Kv) channels, and
mutagenesis of positively charged residues within the S4-and S5
transmembrane domains have been shown to alter voltage
dependence of TRPMS, as well as thermal and menthol sensi-
tivity of the channel (26). However, our results are contradic-
tory as a large change in the temperature sensitivity of TRPM8
was not observed when adaption was induced by either PLC
activation or PIP, reduction, nor was the dose dependence of
menthol in activating TRPMS8 altered with PIP, depletion.
Indeed, there is ample evidence that temperature-, agonist- and
voltage-dependent activations of TRPM8 are almost com-
pletely independent processes (29, 55—57). Mutagenesis strate-
gies have identified the existence of distinct activation domains
for voltage, temperature, and PIP,, suggesting that each works
allosterically to gate TRPMS8 (29). Our data are consistent with
an allosteric model, and yet it remains an open question as to
how activation of TRPMS, and other thermosensitive TRP
channels, is coordinated by all three critical components.

It should be noted that other groups have proposed alterna-
tive mechanisms for TRPM8 adaptation. For example, adapta-
tion has been reported to be the result of calcium-sensitive pro-
tein kinase C (PKC) activation (22, 23). In these studies, several
PKC activators (phorbol myristate acetate and phorbol 12,12-
dibutyrate) were demonstrated to reduce whole-cell TRPMS8
currents. However no evidence of TRPMS8 phosphorylation was
found (although one group did report an unexpected decrease
in TRPMS8 phosphorylation (23)), and mutations in putative
serine and threonine phosphorylation sites do not alter adapta-
tion. Therefore, it remains unclear whether the reduction in
TRPMS currents by PKC activators is indeed through phospho-
rylation events or some other unspecified mechanism. How-
ever, it is entirely plausible that the two processes are indeed
linked. For example, a product of PLC activation and PIP,
hydrolysis is diacylglycerol (DAG), an activator of PKC. Thus,
under conditions of high intracellular Ca®>" and production of
DAG, as would occur if Ca>" influx during menthol- or cold-
evoked TRPMS currents leads to activation of PLC, PKC activ-
ity will increase and potentially affect TRPMS8 activity.
Although they do not conclusively rule out a role of PKC in
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TRPMS8 adaptation, our results with the PIP, phosphatase
Inp54p suggest that adaptation does not require PKC activity.

An important implication of PLC activity in a neuron is that
it may regulate TRPMS activity, thereby modifying the sensitiv-
ity of the cell to thermal stimuli. We and others have previously
demonstrated that TRPMS8 neurons are a diverse and heteroge-
neous cell population, and share common features with noci-
ceptive and non-nociceptive neurons (6, 58, 59). Therefore, it is
plausible that PLC plays a role in regulating one or more sen-
sory perceptions, including innocuous cool or painful cold. It
has also been shown that TRPMS functions in cooling-induced
analgesia, and that cold-fiber activation appears to reduce pain-
induced behaviors via glutamatergic activity in the spinal cord
(12). Thus, TRPMS plays a diverse and wide ranging role in cold
sensation and provides for the detection of a broad range of
perceived cold temperatures.

Our results suggest a cellular mechanism whereby the ther-
mal sensitivity of TRPM8-expressing neurons can be altered or
tuned by PIP, metabolism. For example, in neurons in which
the ratio of PIP, synthesis to breakdown is high, cold stimuli
will produce a large, robust depolarization of TRPM8-express-
ing neurons. Alternatively, if the synthesis-to-breakdown ratio
is reduced such that PIP, levels are diminished, equivalent
stimulus intensities will be less effective. Precedent for this
hypothesis comes from recent work in cultured cold- and men-
thol-sensitive DRG neurons exposed to inflammatory media-
tors bradykinin, prostaglandin E,, and histamine (60). The
receptors for each of these substances are linked to PLC and
neuronal exposure to these reduced cold and menthol
responses, indirectly suggesting that PLC activity produced
decreased TRPMS activity as observed in this study. Thus, these
data suggest that cold responsiveness is a highly dynamic proc-
ess and that different cellular conditions can lead to altered
thermal sensitivity by PLC-mediated modifications of TRPMS.
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